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Renal inflammation, characterized by the influx of in-
flammatory cells, is believed to play a critical role in the
initiation and progression of a wide range of chronic
kidney diseases. Here, we show that hepatocyte growth
factor (HGF) inhibited renal inflammation and proin-
flammatory chemokine expression by disrupting nu-
clear factor (NF)-kB signaling. In vivo, HGF gene deliv-
ery inhibited interstitial infiltration of inflammatory T
cells and macrophages, and suppressed expression of
both RANTES (regulated on activation, normal T cell
expressed and secreted) and monocyte chemoattractant
protein-1 in a mouse model of obstructive nephropathy.
In vitro, HGF abolished RANTES induction in human
kidney epithelial cells, which was dependent on NF-«B
signaling. HGF did not significantly affect the phosphor-
ylation or degradation of IkBe; it also did not influence
the phosphorylation or nuclear translocation of p65
NF-kB. However, HGF prevented p65 NF-kB binding to
its cognate cis-acting element in the RANTES promoter.
HGF action was dependent on the activation of the
phosphoinositide 3-kinase/Akt pathway, which led to
the phosphorylation and inactivation of glycogen syn-
thase kinase (GSK)-3f. Suppression of GSK-3f3 activity
mimicked HGF and abolished RANTES expression,
whereas ectopic expression of GSK-3 restored RANTES
induction. HGF also induced renal GSK-33 phosphory-
lation and inactivation after obstructive injury in vivo.
These observations suggest that HGF is a potent anti-
inflammatory cytokine that inhibits renal inflammation
by disrupting NF-«B signaling and may be a promising
therapeutic agent for progressive renal diseases. (4mJ
Pathol 2008, 173:30—41; DOI: 10.2353/ajpath.2008.070583)

Renal inflammation, characterized by the influx of inflam-
matory cells, is one of the major pathological findings in a
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variety of chronic kidney diseases (CKD)."™3 Although
infiltration of the T cells and monocytes is a tissue-wound-
ing response after injury that may be beneficial in com-
bating various injurious insults, chronic inflammation is
undoubtedly a detrimental process that is often linked to
the fibrotic lesions and tissue scarring. Glomerular and
interstitial inflammation, regardless of the initial causes, is
believed to play a critical role in the genesis and progres-
sion of CKD.* Clinical studies also reveal that the decline
in renal function in patients with CKD often correlates
closely with the extent of inflammation.” Inflammatory
cells contribute to tissue damage in many ways. They are
capable of producing profibrotic cytokines such as trans-
forming growth factor-B, which in turn induces the matrix-
producing myofibroblast activation and tubular epithelial
to mesenchymal transition,®>” thereby promoting fibro-
genic process. In addition, inflammatory cells can elicit
their activities by producing radical oxygen species and
by releasing proinflammatory cytokines, and therefore
modulate the response of renal residential cells to injuri-
ous stimuli. Finally, they are able to produce and secrete
extracellular matrix components, matrix metalloprotein-
ases, and their endogenous inhibitors, thereby contribut-
ing to a dysregulated extracellular matrix catabolism.
Given the importance of inflammation in the pathogen-
esis of CKD, it is conceivable to speculate that inhibition
of the inflammatory response may be beneficial attenu-
ating fibrotic lesions after injuries. Indeed, the renal pro-
tective effect of interrupting the inflammatory process by
different maneuvers has been well documented.®2~'3 In
several studies, administration of immunosuppressive
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agent mycophenolate mofetil prevents lymphocyte and
macrophage infiltration and reduces progressive renal
damage. ' Likewise, treatment with chemokine recep-
tor CCR1 antagonist reduces interstitial macrophage and
lymphocyte recruitment and ameliorates renal fibrosis in
obstructive nephropathy.'®'® Suppression of renal in-
flammation has been demonstrated to be advantageous
even in nonimmune models of CKD such as angiotensin
ll-induced nephropathy and diabetic nephropathy.'®'”
These observations establish that interfering with renal
inflammation may represent a promising therapeutic
strategy for progressive renal fibrotic disorders.

The expression of the genes that are important to the
inflammatory responses is primarily mediated by the tran-
scription factor nuclear factor (NF)-«kB activation, which
leads to the production of cellular signaling proteins such as
cytokines, growth factors, or chemokines. RANTES (regu-
lated on activation, normal T cell expressed), also known as
CC-chemokine ligand 5 (CCL5), is a potent chemoattrac-
tant that is a member of the CC chemokine family."® Nu-
merous studies have described the expression and impli-
cation of RANTES in animal models of CKD.'° It is
believed that its production and accumulation on inflamed
renal tubules and endothelial cells provides directional sig-
nals for the circulating leukocytes to undergo extravasation,
leading to inflammatory cell infiltration.?”

Hepatocyte growth factor (HGF) is a pleiotropic factor
that plays an essential role in the regulation of cell prolif-
eration, survival, and differentiation in a variety of or-
gans.?223 A large body of evidence shows that HGF
possesses a remarkable anti-fibrotic potential and ame-
liorates fibrotic lesions in a wide variety of CKD.?472° This
is corroborated by the observations that blocking endog-
enous HGF signaling with neutralizing antibody markedly
exacerbates renal fibrosis and dysfunction.?”?® Interest-
ingly, the antifibrotic action of exogenous HGF is often
accompanied by an attenuation of renal inflammation in
these models.?®>3° However, the molecular mechanism
underlying HGF inhibition of renal inflammation remains
incompletely understood.

We undertook the present study to test the hypothesis
that HGF suppresses renal inflammation by inhibiting
proinflammatory cytokine expression. Our findings in this
study demonstrate that HGF is a potent anti-inflammatory
cytokine that blocks proinflammatory RANTES expres-
sion in vivo and in vitro. Our results further indicate that the
anti-inflammatory action of HGF is primarily mediated by
disrupting NF-«B signaling.

Materials and Methods

Antibodies and Reagents

The primary antibodies were obtained from different
sources: anti-RANTES (sc-1410), anti-tumor necrosis fac-
tor (TNF)-a (sc-8301), anti-IkBB (sc-946), anti-interleukin
(IL)-6 (sc-7920), and anti-actin (sc-1616) (Santa Cruz Bio-
technology, Santa Cruz, CA); anti-phospho-Akt (Ser473),
anti-Akt, anti-phospho-IkBa (Ser32/36), anti-IkBa, anti-
phospho-p65 NF-«B (Ser536), anti-p65 NF-«kB, anti-phos-
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pho-GSK-3B (Ser9), anti-GSK-3B (Cell Signaling Technol-
ogy, Beverly, MA), and anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (Ambion, Austin, TX). Recom-
binant human HGF, TNF-«, and IL-18 were purchased
from R&D Systems (Minneapolis, MN). Cell culture me-
dia, newborn calf serum, and supplements were ob-
tained from Invitrogen (Carlsbad, CA). Chemical inhibitor
wortmannin and cell-permeable inhibitor peptide NF-«B
SN50 were purchased from Calbiochem (La Jolla, CA).
All other chemicals were of analytic grade and were
obtained from Sigma (St. Louis, MO) or Fisher (Pitts-
burgh, PA) unless otherwise indicated.

Animals

Male CD-1 mice that weighed ~18 to 22 g were pur-
chased from Harlan Sprague Dawley (Indianapolis, IN).
Unilateral ureteral obstruction (UUQO) was performed us-
ing an approved protocol by the Institutional Animal Care
and Use Committee at the University of Pittsburgh, as
described elsewhere.®' Briefly, under general anesthe-
sia, complete ureteral obstruction was performed by dou-
ble-ligating the left ureter using 4-0 silk after a midline
abdominal incision. Sham-operated mice had their ure-
ters exposed, manipulated but not ligated. Mice were
randomly assigned into three groups: 1) sham normal
control, 2) UUO control, and 3) UUO receiving HGF.
Delivery of human HGF gene was achieved by intrave-
nous injection of naked HGF plasmid (pCMV-HGF) at 1
mg/kg before (day — 1) and after (day 7) UUO, respec-
tively, as described previously.333 Control UUO mice
were injected with empty vector pcDNA3 plasmid at the
same time points in an identical manner. At day 7 and
day 14 after surgery, five mice from each group were
sacrificed, respectively, and the kidneys were harvested
for various analyses.

Immunohistochemical and Immunofluorescence
Staining

Immunohistochemical staining of kidney sections was per-
formed by an established protocol.>* In brief, paraffin-em-
bedded sections were stained with anti-CD3 (sc-20047,
Santa Cruz Biotechnology), anti-F4/80 (14-4801-82; eBio-
science Inc., San Diego, CA), and anti-RANTES (500-P118;
PeproTech Inc., Rocky Hill, NJ) antibodies using the M.O.M.
immunodetection kit, according to the protocol specified by
the manufacturer (Vector Laboratories, Burlingame, CA).
Indirect immunofluorescence staining was performed ac-
cording to the procedures described previously.® Slides
were viewed with an Eclipse E600 microscope equipped
with a digital camera (Nikon, Melville, NY). Nonimmune
normal rabbit IgG was used to replace the primary antibody
as negative control, and no staining occurred. Nuclear
staining for p65 NF-«B in HKC-8 cells after various treat-
ments was counted and calculated. CD-3, F4/80, and RAN-
TES staining were semiquantified by a computer-aided
morphometric analysis (MetaMorph; Universal Imaging Co.,
Downingtown, PA). Briefly, a grid containing 117 (13 X 9)
sampling points was superimposed onto images of cortical
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high-power field (X400). The number of grid points overly-
ing positive area (except tubular lumen and glomeruli) was
counted and expressed as a percentage of all sampling
points. For each kidney, 10 randomly selected, nonoverlap-
ping fields were analyzed in a blinded manner.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

For determination of RANTES and MCP-1 mRNA expres-
sion, a semiquantitative RT-PCR was used, as described
previously.®® Total RNA was prepared from kidney ho-
mogenates of various groups of mice. After reverse tran-
scription of the RNA, cDNA was used as a template in
PCR reactions using gene-specific primer pairs. After
quantifying band intensities by using densitometry, the
relative steady-state level of mMRNA was calculated after
normalizing to B-actin. The sequences of the primer sets
were as follows: RANTES, 5'-GTGCCCACGTCAAGGAG-
TAT-3' (sense) and 5'-GGGAAGCGTATACAGGGTCA-3’
(antisense); MCP-1, 5'-CCCACTCACCTGCTGCTAC-3’
(sense) and 5'-TTCTTGGGGTCAGCACAGA-3' (anti-
sense). The sequences of the B-actin primer set were
described previously.*®

Cell Culture and Treatment

Human proximal tubular epithelial cell line (clone 8,
HKC-8) was obtained from Dr. L. Racusen (The Johns
Hopkins University, Baltimore, MD) and maintained in
Dulbecco’s modified Eagle’s medium/F12 medium sup-
plemented with 5% newborn calf serum. The HKC-8 cells
were seeded onto six-well culture plates to ~60 to 70%
confluence in complete medium containing 5% newborn
calf serum for 16 hours, and then changed to serum-free
medium. After 24 hours of serum starvation, recombinant
human IL-18 or TNF-a was added to the culture at a final
concentration of 5 or 2 ng per ml, respectively. Thirty
minutes before addition of TNF-«a or IL-18, recombinant
human HGF was added at the concentration of 40 ng/ml
unless otherwise indicated. The cells were typically incu-
bated for 24 or 48 hours after addition of cytokines,
before being subjected to Western blot or immunofluo-
rescence staining, respectively.

Western Blot Analysis

Cells were lysed with sodium dodecyl sulfate (SDS) sam-
ple buffer (62.5 mmol/L Tris-HCI, pH 6.8, 2% SDS, 10%
glycerol, 50 mmol/L dithiothreitol, and 0.1% bromophenol
blue, supplemented with protease and phosphatase in-
hibitor cocktails). Kidney homogenates were prepared
essentially according to an established protocol, as de-
scribed previously.®' Samples were heated at 100°C for
5 to 10 minutes before being loaded and separated on
10% SDS-polyacrylamide gels. The proteins were electro-
transferred to Hybond-P polyvinylidene difluoride mem-
branes (Amersham Biosciences, Piscataway, NJ) in trans-
fer buffer containing 48 mmol/L Tris-HCI, 39 mmol/L

glycine, 0.037% SDS, and 20% methanol at 4°C for 1
hour. Nonspecific binding to the membrane was blocked
for 1 hour at room temperature with 5% Carnation nonfat
milk in TBST buffer (20 mmol/L Tris-HCI, 150 mmol/L
NaCl, and 0.1% Tween 20). The membranes were then
incubated for 16 hours at 4°C with various primary anti-
bodies in blocking buffer containing 5% milk at the dilu-
tions specified by the manufacturers. After extensive
washing in TBST buffer, the membranes were then incu-
bated with horseradish peroxidase-conjugated second-
ary antibody (Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA) for 1 hour at room temperature in
5% nonfat milk dissolved in TBST. Membranes were
washed with TBST buffer and the signals were visualized
using the SuperSignal West Pico chemiluminescent sub-
strate kit (Pierce Biotechnology, Rockford, IL).

Enzyme-Linked Immunosorbent Assay

HKC-8 cells were seeded in complete medium in 12-well
plates at a concentration of 1 X 10° cells per well. Twenty-
four hours later, cells were changed to serum-free medium
and kept in serum-free medium for an additional 24 hours,
before addition of different cytokines. The supernatants of
cell cultures were collected, and the levels of RANTES
protein were determined by using enzyme-linked immu-
nosorbent assay kit (Quantikine Immunoassay, R&D Sys-
tems) according to the manufacturer’s protocol.

Chromatin Immunoprecipitation (ChlP) Assay

ChIP assay was performed to analyze in vivo interactions
of NF-kB and its cognate cis-acting element in RANTES
promoter. This assay was performed essentially accord-
ing to the protocols specified by the manufacturer (ChlP
assay kit; Upstate, Charlottesville, VA). Briefly, HKC-8
cells, after various treatments as indicated, were cross-
linked with 1% formaldehyde, and then resuspended in
SDS lysis buffer containing protease inhibitors. The chro-
matin solution was sonicated, and the supernatant was
diluted 10-fold. An aliquot of total diluted lysate was used
for total genomic DNA as input DNA control. The anti-p65
NF-kB antibody was added and incubated at 4°C over-
night, followed by incubation with protein A-agarose for 1
hour. The precipitates were washed and chromatin com-
plexes were eluted. After reversal of the cross-linking at
65°C for 4 hours, the DNA was purified, and 1 ul of input
control or ChIP samples were used as a template for PCR
using the primer sets for human RANTES promoter regions
(from —208 to —10) containing NF-«B response element.3’
The sequences of primers used for ChIP assay were as
follows: forward, 5’-TTGGTGCTTGGTCAAAGAGG-3'; and
reverse, 5'-CCCTTTATAGGGCCAGTTGA-3".

Statistical Analysis

All data examined were expressed as mean = SEM. Sta-
tistical analysis of the data were performed using SigmaStat
software (Jandel Scientific Software, San Rafael, CA). Com-
parison between groups was made using one-way analysis
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Figure 1. HGF inhibits renal infiltration of inflammatory CD3-positive T cells. A=E: Immunohistochemical staining revealed an increased infiltration of CD3-positive T
cells in the obstructed kidney at 7 (B) and 14 (D) days, respectively, after UUO, compared with sham control (A). Delivery of HGF gene effectively inhibited the infiltration
of T cells in the obstructed kidneys at 7 (C) and 14 (E) days after UUO, respectively, as indicated. F: Graphic presentations of quantitative data are given. Data were
presented as mean = SEM of five animals per group (12 = 5). *P < 0.01 versus sham control. {2 < 0.01 versus pcDNA3. Scale bar = 20 um.

of variance, followed by Student-Newman-Keuls test. A P
value of less than 0.05 was considered significant.

Results

HGF Inhibits Renal Inflammatory Infiltration

HGF has been demonstrated to be able to ameliorate
renal fibrotic lesions in obstructive nephropathy,®°2" in
which interstitial infiltration of inflammatory cells is a major
pathological feature. To examine the potential effect of
HGF on renal inflammation, we first investigated the infil-
tration of the CD-3-positive T cells in the obstructed kid-
ney after UUO. As shown in Figure 1, ureteral obstruction
induced substantial renal T-cell infiltration at 7 and 14
days after UUQO, respectively, as illustrated by immuno-
histochemical staining for CD3 antigen. As reported pre-
viously,®233:38 delivery of the HGF gene via naked plas-
mid vector produced a substantial amount of exogenous
HGF protein in the circulation, as well as in liver and kidney.
The increase in renal human HGF protein was sustained to
7 days after injection, although it peaked at 16 to 24 hours.3?
We found that HGF gene therapy effectively inhibited the
infiltration of T cells in the obstructed kidney at different time
points (Figure 1, C and E). Quantitative analysis also dem-
onstrated a dramatic suppression of inflammatory T-cell
infiltration by HGF at 7 and 14 days after UUO, respectively,
in obstructive nephropathy (Figure 1F).

We also examined the effect of HGF on monocyte/
macrophage infiltration in the obstructed kidney. As
shown in Figure 2, obstructive injury caused marked
infiltration and accumulation of the F4/80-positive macro-
phages in renal interstitium. However, delivery of the HGF
gene also dramatically inhibited macrophage infiltration at 7
and 14 days after obstructive injury, respectively (Figure 2,
C, E, and F). Of note, as previously reported,?*>" delivery of
the HGF gene significantly ameliorated the fibrotic injury,

and the total collagen content in the obstructed kidney was
repressed by 48% and 44% at 7 and 14 days after UUQO,
respectively.

HGF Inhibits RANTES and MCP-1 Expression
after Obstructive Injury

Because chemokines play an essential role in attracting
and guiding the influx of inflammatory cells, we next
examined the expression of RANTES in the obstructed
kidney, one of the best characterized chemokines that is
capable of recruiting many types of immune cells includ-
ing T lymphocytes, monocytes/macrophages, and natu-
ral killer cells.”® RT-PCR analysis revealed that RANTES
mRNA was markedly induced in the obstructed kidney
after injury, and HGF gene therapy primarily inhibited
renal RANTES mRNA induction (Figure 3A). Quantitative
analysis demonstrated a more than fourfold induction of
RANTES mRNA in the obstructed kidney at 7 days after
UUO, compared with sham controls; and renal RANTES
mRNA was inhibited by more than 60% after HGF gene
administration (Figure 3B). In addition, delivery of HGF
gene also significantly inhibited the mRNA expression of
monocyte chemoattractant protein-1  (MCP-1), also
known as CC-chemokine ligand 2 (CCL2),"3 in the ob-
structed kidney (Figure 3, A and B).

We next investigated the RANTES protein expression
and its localization by immunohistochemical staining. As
shown in Figure 3C, no or little RANTES protein was
observed in normal, sham-operated kidney. However,
RANTES expression was markedly induced in the ob-
structed kidney at 7 and 14 days, respectively. RANTES
protein was localized predominantly in renal tubular ep-
ithelium (Figure 3, D and F). Delivery of HGF gene signif-
icantly reduced RANTES protein expression in the ob-
structed kidney at different time points (Figure 3, E and G).
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Figure 2. HGF inhibits renal infiltration of inflammatory F4/80-positive macrophages. A—E: Immunohistochemical staining revealed an increased infiltration
of F4/80-positive macrophages in the obstructed kidney at 7 (B) and 14 (D) days, respectively, after UUO, compared with sham control (A). Delivery of
HGF gene effectively inhibited the infiltration of macrophages in the obstructed kidneys at 7 (C) and 14 (E) days after UUO, respectively, as indicated. F:
Graphic presentation of quantitative data are given. Data were presented as mean = SEM of five animals per group (1 = 5). *P < 0.01 versus sham control.

TP < 0.01 versus pcDNA3. Scale bar = 20 pm.

Therefore, HGF inhibition of the peritubular infiltration of
inflammatory T cells is closely associated with its suppres-
sion of tubular RANTES expression in the obstructed
kidney.

HGF Blocks RANTES Induction in Tubular
Epithelial Cells in Vitro

To evaluate whether HGF directly suppresses RANTES
expression, we used human proximal tubular epithelial
(HKC-8) cells as an in vitro model system. When HKC-8
cells were incubated with IL-18 or TNF-a, the expression
of chemokine RANTES was dramatically induced (Figure
4A). Simultaneous incubation with HGF completely abol-
ished RANTES induction by IL-18 or TNF-a in HKC-8
cells. The action of HGF appeared to be dose-dependent
(Figure 4B). HGF at the concentration of 20 ng/ml effec-
tively abrogated IL-1B-mediated RANTES expression
(Figure 4B). HGF also markedly attenuated RANTES se-
cretion into the supernatants of HKC-8 cells. Figure 4, C
and D, shows the abundance of RANTES protein in the
supernatants of HKC-8 cells after different treatments, as
detected by Western blot analysis and enzyme-linked
immunosorbent assay, respectively. These results indi-
cate that HGF can inhibit proinflammatory RANTES ex-
pression in tubular epithelial cells in response to IL-18 or
TNF-a stimulation.

NF-«B Signaling Is Critical for Mediating
RANTES Expression

To elucidate how HGF blocks IL-18-mediated RANTES
expression, we first investigated the signal pathway lead-

ing to RANTES induction by IL-1B in tubular epithelial
cells. In light of that NF-kB is the major signal mediator
that plays a critical role in the regulation of proinflamma-
tory cytokine expression, we examined the potential in-
volvement of NF-«B signaling in the control of RANTES
expression induced by IL-18. As shown in Figure 5, pre-
treatment of HKC-8 cells with specific NF-«B signaling
inhibitor, NF-kB SN50, completely abolished RANTES in-
duction by IL-1p at different time points, suggesting that
IL-1B-mediated RANTES induction in HKC-8 cells is de-
pendent on an intact NF-kB signaling.

HGF Affects neither IkBa Phosphorylation nor
NF-kB Activation

Having established that the NF-«B signaling is essential
for mediating RANTES induction, we next examined the
potential effect of HGF on IkBa and NF-«B phosphoryla-
tion in tubular epithelial cells. As presented in Figure 6A,
IL-1B8 induced rapid phosphorylation of IkBa, which led to
its ubiquitin-mediated protein degradation. The abun-
dance of IkBa started to decrease as early as 5 minutes
after IL-1B stimulation, which was consistent with its rapid
phosphorylation. By 15 minutes, |kBa primarily disap-
peared. Pretreatment with HGF appeared to have little ef-
fect on the rate and magnitude of IkBa phosphorylation and
its abundance, at least in the initial 1 hour after IL-1p treat-
ment (Figure 6A). IkBa abundance displayed a tendency to
slightly return after 3 hours. HGF treatment only marginally,
if any at all, accelerated this process (Figure 6A). HGF also
did not modulate kBB abundance in HKC-8 cells.

Figure 6B shows the p65 NF-«B phosphorylation after
IL-1B treatment and the effects of HGF on this process in
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Figure 3. HGF inhibits renal RANTES and MCP-1 expression in the obstructed kidney after UUO. A and B: RT-PCR demonstrated renal RANTES and MCP-1 mRNA
expression in different groups as indicated. Numbers (1 to 4) in A denote each individual animal. Relative RANTES and MCP-1 mRNA abundance (fold induction over
sham controls) was calculated after normalizing with B-actin. B: Data were presented as mean * SEM of four animals per group (12 = 4). *P < 0.05 versus sham control.
TP < 0.05 versus pcDNA3. C-G: Immunohistochemical staining demonstrated that RANTES protein was induced predominantly in renal tubular epithelium in the
obstructed kidney at 7 (D) and 14 (F) days after UUO, compared with sham control (C). Tubular expression of RANTES was primarily suppressed by HGF at 7 (E) and
14 (G) days after UUO, respectively. H: Graphical presentation shows the quantitative determination of RANTES protein expression in different groups as indicated. Data
were presented as mean = SEM of five animals per group (1 = 5). *P < 0.05 versus sham control. P < 0.05 versus pcDNA3. Scale bar = 20 pm.

HKC-8 cells. IL-18 induced rapid phosphorylation of p65 (Figure 6B). We also examined the effect of a prolonged
in HKC-8 cells, which peaked at 5 to 15 minutes after incubation with HGF on IkBa and NF-kB phosphorylation in
stimulation. In agreement with 1kBa, HGF did not signifi- HKC-8 cells. As shown in Figure 6C, the patterns of IkBa
cantly affect the p65 NF-kB phosphorylation and activation and NF-«B phosphorylation in HKC-8 cells after incubation
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Figure 5. Induction of RANTES expression is dependent on NF-«B signaling.
HKC-8 cells were treated with IL-1B in the absence or presence of NF-kB
signal inhibitor (20 wmol/L NF-«kB SN50) for various periods of time as
indicated. Whole cell lysates were immunoblotted with antibodies against
RANTES and actin, respectively.

with IL-1B plus HGF for a long period of time ranging from 5
minutes to 24 hours were comparable with that treated with
IL-1B alone.

HGF Disrupts NF-kB Signaling by Blocking p65
Binding to Its cis-Acting Element

The inability of HGF to affect NF-«xB activation prompted
us to examine whether it blocks the p65 nuclear translo-
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Figure 6. HGF does not affect IL-1B-mediated phosphorylation of IkBa and
p65 NF-kB, as well as the degradation and abundance of IkBa and IkBB.
HKC-8 cells were treated with IL-18 (5 ng/ml) alone or IL-18 plus HGF (40
ng/mD. At different time points as indicated, cells were harvested and
subjected to immunoblotting with antibodies against p-IkBa, IkBa, IkBB (A),
p-p65 NF-kB, and p65 NF-kB (B), respectively. C: Long-term incubation with
HGF also did not affect the phosphorylated status of IkBa and p65 NF-kB in
HKC-8 cells.

cation, a critical step in NF-kB signaling. Immunofluores-
cence staining demonstrated that on stimulation with
TNF-a, p65 NF-kB translocated into the nuclei in HKC-8
cells, and HGF did not significantly affect the nuclear
translocation of p65 (Figure 7A). Quantitative analysis of
the cell population with p65 nuclear staining after various
treatments also revealed that HGF failed to block p65
nuclear translocation (Figure 7B), suggesting that HGF
inhibition of NF-«kB signaling likely takes place in the
postnuclear translocation stage. We further investigated
the possibility that HGF signaling might influence the in
vivo binding of p65 NF-«B to RANTES promoter region.
As shown in Figure 7C, TNF-« induced p65 binding to its
cognate cis-acting NF-«kB element in human RANTES
promoter, as revealed by ChIP assay. However, treat-
ment of HKC-8 cells with HGF completely abolished the
binding of p65 to RANTES promoter induced by TNF-a.
These results indicate that HGF treatment results in a
disruption of the binding of p65 to its cis-element, thereby
intercepting the NF-«B signaling.

Suppression of RANTES Expression by
HGF Is Mediated via a Phosphoinositide
(P)-3-Kinase-Dependent Pathway

To unravel the mechanism by which HGF blocks RANTES
expression, we sought to define the signaling event that
is important for HGF action. We found that the suppres-
sive effect of HGF on RANTES expression was apparently
dependent on the activation of Pl 3-kinase. As presented
in Figure 8A, treatment of the HKC-8 cells with HGF
induced activation of PI 3-kinase, which resulted in rapid
phosphorylation of its downstream Akt/protein kinase B.
This action of HGF was blocked by preincubation with
specific Pl 3-kinase inhibitor wortmannin. Interestingly,
inhibition of PI 3-kinase by wortmannin abolished HGF
action and restored RANTES expression in HKC-8 cells
(Figure 8B).

HGF-Mediated Inactivation of GSK-3 Is Crucial
for Blockade of RANTES Expression

We further define the downstream pathway of Pl 3-kinase
that is crucial in mediating HGF suppression of the RANTES
expression in tubular epithelial cells. As shown in Figure 9A,
HGF induced rapid phosphorylation of GSK-38, which
would lead to its inactivation. This action of HGF was de-
pendent on Pl 3-kinase, because wortmannin abrogated
GSK-3B phosphorylation (Figure 9A).

To further determine whether the inactivation of
GSK-3B is critical for mediating HGF suppression of
RANTES expression, we examined the effects of GSK-33
inhibitors on RANTES expression. As demonstrated in
Figure 9B, GSK-38 inhibitors induced its phosphorylation
in either the absence or presence of IL-18in HKC-8 cells.
Furthermore, inhibition of GSK-38 activity with chemical
inhibitors imitated HGF action and abolished IL-18-medi-
ated RANTES expression in HKC-8 cells (Figure 9C).
Consistently, ectopic expression of GSK-38 expression
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vector sensitized HKC-8 cells to enhance RANTES in-
duction after TNF-a stimulation (Figure 9D, lane 3 ver-
sus lane 7), when comparing to the pcDNA3 controls.
GSK-3B overexpression also primarily restored RANTES

A % &
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Figure 8. Suppression of the RANTES expression by HGF is mediated by a
PI-3-kinase-dependent pathway. A: Inhibition of PI-3-kinase by wortmannin
blocked Akt phosphorylation, a downstream event of PI-3-kinase activation.
HKC-8 cells were pretreated with wortmannin (10 nmol/L) for 30 minutes, followed
by incubation with HGF for various periods of time as indicated. Whole cell lysates
were immunoblotted with antibodies against p-Akt and total Akt, respectively. B:
Inhibition of PI-3-kinase abolished HGF action and restored IL-13-mediated RANTES
expression. HKC-8 cells after various treatments as indicated were subjected to
immunoblotting with antibodies against RANTES and actin, respectively.

expression after HGF treatment (Figure 9D, lane 4 versus
lane 8). Therefore, inactivation of GSK-38 plays a funda-
mental role in mediating HGF suppression of RANTES
expression.

HGF Specifically Blocks NF-kB-Dependent
Cytokine Expression

We next examined the effect of HGF on the expression of
other proinflammatory cytokines. Figure 9A shows that
HGF also abolished IL-18- and TNF-a-triggered IL-6 ex-
pression in HKC-8 cells, in addition to its inhibitory effect
on RANTES (Figure 4A). However, HGF appeared to
have no effect on IL-1B-induced TNF-a expression in
tubular epithelial cells (Figure 10A). Similarly, HGF did
not alter TNF-a-triggered autoinduction. These observa-
tions suggest that the suppressive effect of HGF on cy-
tokine expression is gene-specific.

To understand why HGF does not block IL-1B-medi-
ated TNF-a expression, we first examined whether IL-18-
induced TNF-a expression is dependent on NF-kB sig-
naling. As shown in Figure 10B, pretreatment with NF-«xB
inhibitor did not block IL-1B-induced TNF-a expression,
suggesting that it is independent on NF-«B signaling.
Likewise, treatment with GSK-38 inhibitors also did not
abrogate IL-1B-mediated TNF-a expression in HKC-8
cells (Figure 10C). Therefore, HGF specifically inhibits
NF-kB-mediated proinflammatory cytokine expression.

HGF Induces GSK-3B Phosphorylation in Vivo

To assess the relevance of GSK-3B signaling in HGF-
mediated anti-inflammation in vivo, we examined the
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Figure 9. HGF induces GSK-3 phosphorylation and its subsequent inactivation through PI-3-kinase-dependent pathway, and inhibition of GSK-38 suppresses
RANTES induction. A: HGF induced GSK-38 phosphorylation in a PI 3-kinase-dependent manner. HKC-8 cells were pretreated with wortmannin (10 nmol/L) for
30 minutes, followed by incubation with HGF (40 ng/ml) for various periods of time as indicated. Cell lysates were immunoblotted with antibodies against
p-GSK-38 and total GSK-38. B: Inhibition of GSK-38 induces its phosphorylation. HKC-8 cells were treated with GSK-3B-specific inhibitors (5 wmol/L SB216763
and 30 mmol/L LiCD. Cell lysates were immunoblotted with antibodies against p-GSK-38 and GSK-38, respectively. C: Inhibition of GSK-3B abolishes
IL-1B-mediated RANTES expression. HKC-8 cells were treated with IL-18 for 48 hours in the absence or presence of GSK-3f3 inhibitors (30 pwmol/L SB415286, 5
pmol/L SB216763, and 30 mmol/L LiCD. Cell lysates were immunoblotted with antibodies against RANTES and actin, respectively. D: Ectopic expression of GSK-33
enhanced TNF-a-mediated RANTES expression and primarily abolished the HGF-mediated inhibition of RANTES. HKC-8 cells were transfected with GSK-3

expression plasmid or control pcDNA3, and then treated with TNF-a or/and HGF as indicated.

phosphorylation status of GSK-38 in the obstructed kid-
ney after HGF administration. As shown in Figure 11A,
HGF gene therapy dramatically induced GSK-3B phos-
phorylation in the obstructed kidney after UUO. Quanti-
tative analysis also revealed a marked increase in phos-
phorylated GSK-38 abundance (Figure 11B). Therefore,
HGF inhibition of RANTES expression is closely associ-
ated with its ability to induce GSK-3B phosphorylation
and subsequent inactivation in vivo.

Discussion

Renal inflammation is one major component of the se-
quential events of the tissue responses after injurious
insults.®*4° Chronic inflammation is thought to play a
pivotal role in the initiation and maintenance of the fibrotic
lesions that eventually lead to end-stage kidney failure. In
this study, we have demonstrated that HGF, an anti-
fibrotic cytokine that has been shown to ameliorate renal
fibrosis and kidney dysfunction in a variety of mod-
els,?426:2932 ig capable of inhibiting renal infiltration of T
cells and macrophages in obstructive nephropathy and
suppressing proinflammatory chemokines RANTES and
MCP-1 expression in vivo, consistent with numerous pre-
vious reports. 394142 Of note, sustained expression of the
exogenous HGF gene has no adverse effect on normal
kidney structure and function.®2*® We have further shown
that the anti-inflammatory action of HGF is mediated by
blocking NF-kB, the master signaling that is implicated in
the control of many proinflammatory cytokines expres-
sion. This inhibition of NF-«B signaling by HGF is appar-
ently operated through a mechanism that is dependent

on Pl 3-kinase and GSK-38 kinase. Therefore, our pre-
sent study provides an intrinsic linkage between HGF
and the inhibition of a major proinflammatory signaling,
and offers significant insights into understanding the ther-
apeutic efficacy of HGF for the treatment of chronic fi-
brotic disorders.

The influx of inflammatory cells from the peripheral
circulation to the injured sites is a complex process that
involves a series of interactions between soluble media-
tors and membrane molecules in endothelial cells and
leukocytes. Chemokines, a family of chemotactic cyto-
kines that play a vital role in immunomodulation, are
believed to act as the directional signals to sort and direct
effector leukocyte migration.”° The present study shows
that proximal tubular epithelial cells are the predominant
site of chemokine production after chronic kidney injury.
They are susceptible to injurious stimuli in vivo and in vitro
to produce a large amount of RANTES, which serves as
chemotactic signals to attract the migrating leukocytes to
move along its peritubular gradients to eventually reach
the tubulointerstitial site of inflammation. That HGF sup-
presses the IL-1B- or TNF-a-induced RANTES expression
in tubular epithelial cells renders it a potent inhibitor of
renal inflammation. This speculation is confirmed by the
observations that HGF administration attenuates renal
inflammation in several models of CKD.?9:4142

The expression of proinflammatory cytokines is primar-
ily controlled at the transcriptional level by NF-«B, a fam-
ily of dimeric transcription factors that regulate many
genes involved in inflammation.*® NF-«B activation has
been implicated in various CKDs, in which inflammation
is a major component of the pathological findings. South-
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Figure 10. HGF does not block IL-1B-mediated TNF-a expression which is
independent on NF-kB signaling. A: HGF blocked IL-6 expression induced
by IL-1B or TNF-a, but has no effect on TNF-a induction. HKC-8 cells were
treated for 48 hours with IL-18 (5 ng/ml), TNF-a (2 ng/mD, HGF (40 ng/ml),
or in combination as indicated. Whole cell lysates were immunoblotted with
antibodies against IL-6 and TNF-q, respectively. Equal loading of the samples
in each lane was confirmed by reprobing with actin (see Figure 3A). B:
Induction of TNF-a expression by IL-18 in tubular epithelial cells was
independent on NF-kB signaling. HKC-8 cells were pretreated with NF-«B
SN50 for 30 minutes, followed by incubation with IL-18 for 24 and 48 hours,
respectively. C: Blockade of GSK-38 did not affect IL-18-mediated TNF-a
expression. HKC-8 cells were treated with various GSK-38 inhibitors (30
umol/L SB4152806, 5 wmol/L SB216763, and 30 mmol/L LiCD) for 30 minutes
before addition of IL-1B. Cell lysates were immunoblotted for TNF-a and
actin, respectively.

western histochemistry has documented the presence of
activated NF-«kB in a variety of chronic, inflammatory
renal diseases.”® In this context, it is conceivable that
exogenous modulation of NF-«B activation may help to
formulate new therapeutic approaches. Not surprisingly,
inhibition of NF-kB signaling by numerous pharmacolog-
ical maneuvers has been demonstrated to be effective in
reducing inflammatory infiltration and renal injury.**=47
Our present observation that HGF specifically inhibits
NF-kB signaling underscores an anti-inflammatory action
of HGF that could contribute to its renal protection. The
notion that HGF blocks NF-kB signaling is supported by
several lines of evidence. First, HGF abolishes IL-13- or
TNF-a-mediated RANTES expression, which is depen-
dent on NF-«B signaling (Figure 5). Second, HGF pre-
vents NF-kB from binding to its cognate DNA element in
RANTES promoter in a ChIP assay (Figure 7C). Third,
HGF does not influence TNF-a expression induced by
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IL-1B in tubular epithelial cells, which is independent on
NF-«B signaling (Figure 10).

The molecular mechanism underlying HGF suppres-
sion of NF-«B signaling remains incompletely under-
stood. It is well known that NF-«B is present in the cyto-
plasm of virtually all cell types in an inactive form by
association with a family of inhibitory proteins termed kB
in resting states.*® Activation of NF-kB requires the phos-
phorylation of IkB, which triggers its polyubiquitination
and subsequent degradation by proteolytic cleavage via
the proteasome system. The liberated NF-kB rapidly
translocates to the nucleus, where it binds B sites and
activates the transcription of its targeted genes.**“® Bio-
chemical analysis reveals that HGF does not influence
the rate and magnitude of IkBa phosphorylation, as well
as the IkBa and |1kBp cellular abundance in tubular epi-
thelial cells after IL-18 stimulation. Similarly, HGF also
fails to affect the phosphorylation and activation of p65
NF-kB and its nuclear translocation. Hence, the early,
prenuclear NF-«B signaling events and p65 nuclear im-
port are still operative after HGF treatment. This is some-
what inconsistent with previous observations that HGF is
able to inhibit kB phosphorylation and its degradation as
well as p65 NF-kB phosphorylation and its nuclear trans-
location.?®4° The reason behind this discrepancy is un-
known, but it could be attributable to the cell-type spec-
ificity. Our studies suggest that HGF prevents the
activated p65 NF-kB binding to the kB element in the
RANTES promoter (Figure 7C), thereby sequestrating its
ability to trans-activate the transcription of its targeted
genes. These findings underscore that HGF works at the
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postnuclear stage of NF-«B signaling by disrupting the
assembly of the transcription complexes of NF-«B.

The signal pathway leading to HGF inhibition of
RANTES expression in tubular epithelial cells is evi-
dently dependent on Pl 3-kinase and its downstream
GSK-3B kinase. In contrast to several reports demon-
strating that activation of Pl 3-kinase/Akt results in acti-
vation of NF-«B,%°5" our present study indicates that Pl
3-kinase activation by HGF, through the phosphorylation
and subsequent inactivation of GSK-38, leads to the
suppression of the NF-kB-mediated RANTES expression.
This observation is in harmony with earlier studies in
GSK-3B-deficient cells, in which the loss of GSK-38 re-
sults in a defect in NF-kB activation,*® and is also con-
sistent with a previous observation that HGF inhibits
GSK-3B via a PI-3 kinase/Akt pathway.*® Furthermore,
this signaling pathway appears to be operative in vivo as
well, because HGF also induces GSK-38 phosphoryla-
tion in the obstructed kidney after ureteral ligation (Figure
11). Previous studies show that the early steps leading to
NF-kB activation such as IkB degradation and NF-«B
nuclear translocation are unaffected in GSK-387/~ cells,
and therefore GSK-38 is thought to be required for NF-«xB
signaling at the level of the transcriptional complex.*® Our
results also imply that GSK-38 inhibition by HGF could
lead to disruption of the transcriptional complex formation
of NF-kB at the postnuclear stage. Exactly how GSK-38
inhibition leads to blockade of NF-«kB signaling remains
elusive. One plausible explanation could be that GSK-38
directly phosphorylates p65, which may be prerequisite
for pB5 to interact with the cis-acting element in its tar-
geted genes. This speculation is supported by the results
of ChIP assay (Figure 7C), which indicate that HGF sig-
naling prevents p65 NF-«B from binding to RANTES pro-
moter. It should also be noted that the inhibitory effect of
HGF on NF-«kB signaling is gene- and promoter-specific
because HGF apparently does not abolish NF-«B-medi-
ated IkBa induction in response to IL-18 stimulation (Fig-
ure 6A).

HGF is a potent antifibrotic factor that ameliorates renal
fibrosis and dysfunction in a wide variety of experimental
animal models.?®?® Previous studies are primarily fo-
cused on dissection of the cellular and molecular path-
ways leading to HGF inhibition of fibrotic lesions. We
have shown that HGF counteracts the profibrotic action of
transforming growth factor-g1 by directly intercepting
Smad signaling through distinctive mechanisms in di-
verse types of kidney cells,®>°* and that HGF is a sur-
vival factor that protects renal tubular epithelial cells from
apoptosis.®® The present study indicates that the bene-
ficial effects of HGF in CKD go beyond the inhibition of
fibrosis and apoptosis. By inhibiting the NF-«B signaling
and proinflammatory cytokine expression, HGF is obvi-
ously an anti-inflammatory factor that suppresses renal
inflammation after injury. Of note, at this stage we cannot
allocate the relative contribution of HGF as a cytoprotec-
tive, an anti-fibrotic, and an anti-inflammatory agent to the
observed beneficial effects in CKD, because they could
be interdependent each other. Nevertheless, by targeting
multiple signal pathways and pathogenic events, HGF is

well suited to be used as a therapeutic agent for progres-
sive renal fibrotic diseases.
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